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In Brief Mendelsohn et al. show that digitinnervating motor neurons express selective gene markers and are distinguished by a variant Hox gene repertoire and the failure to synthesize retinoic acid. This divergent developmental program is sufficient to induce digit-innervating motor neuron specification.
INTRODUCTION
During vertebrate evolution, the creation of limbed appendages provided a critical step in the refinement of skilled motor behaviors (Shubin et al., 1997) . Within the limb, the appearance of digits has been argued to represent an essential morphological adaptation that meets the need for dexterous manipulative skills (Sustaita et al., 2013) . The emergence of distal limb elements appears to have been a specialized step in limb patterning, both evolutionarily and molecularly (Nakamura et al., 2016; Schneider and Shubin, 2013; Woltering and Duboule, 2010) . The formation of digits may therefore have demanded the creation of an expanded diversity of motor neuron subtypes able to innervate and coordinate the activity of new digit muscles. Considerable information is available on the logic of innervation of more proximal limb muscles (Dasen and Jessell, 2009 ), but how motor neurons destined for digit innervation assume their distinct identities remains unclear.
The molecular logic that imposes discrete limb-innervating motor neuron identities involves interactions between conserved signaling molecules and Hox transcriptional codes and is likely to have occurred in a manner aligned with the evolutionary organization of limb pattern. Indeed, the coordination of limb and motor development is achieved in part through the use of common patterning mechanisms. The proximo-distal axis of the limb is specified by a proximal source of retinoic acid and a distal source of fibroblast growth factors (FGFs), with signals coordinated through the sequential expression of Hox genes that define the pattern of skeletal elements (Cooper et al., 2011; Mercader et al., 2000; Roselló -Díez et al., 2011; Zakany and Duboule, 2007) . In parallel fashion, rostral retinoic acid and caudal FGFs determine the patterned expression of Hox genes within the neural tube and specify the spatial segregation of motor neuron subtypes that innervate different limb muscle domains (Dasen and Jessell, 2009; Vanderhorst and Holstege, 1997) . At brachial and lumbar levels of the spinal cord, Hox6-8 and Hox10-11 paralogs respectively, initiate the programs that specify the lateral motor column (LMC), which innervates limb muscles (Dasen et al., 2003; Wu et al., 2008) . In contrast, Hox9 proteins expressed at thoracic levels mediate the specification of motor neurons projecting to sympathetic chain ganglia and hypaxial muscles .
The generation of diverse motor pool subtypes involves the activities of nearly two dozen individual Hox genes, whose expression appears to be defined through cross-repressive interactions . Within the LMC, motor neurons acquire finer divisional and pool transcriptional identities through a coordinated program in which Hox proteins and their conserved cofactor Foxp1 direct the synthesis of retinoic acid in limb-innervating motor neurons Sockanathan and Jessell, 1998; Sockanathan et al., 2003) . Consequently, LMC motor neurons have traditionally been defined by coexpression of Foxp1 and the retinoic acid synthesis enzyme Raldh2 . Variation in the expression and function of Hox genes presumably facilitated the adaptation of ancestral motor circuits to evolutionary modifications in limb morphology (Jung and Dasen, 2015; Jung et al., 2014) .
We reasoned that if the emergence of limbs necessitated the recruitment of new genetic strategies to pattern limb-innervating motor neurons, then the elaboration of digits over evolution may have required the allocation of divergent molecular programs that specify digit-innervating motor neurons. We have used genetic methods in mouse and chick to explore the specification of digit-innervating motor neurons, initially identifying genes that exhibit selective expression within, or exclusion from, digit-innervating motor neurons. Using these gene markers, we show that digit-innervating motor neurons can be distinguished from other LMC neurons by the expression of a distinct Hox gene repertoire and by their failure to synthesize or respond to retinoic acid. This unusual program of Hox coding and retinoid evasion is sufficient to specify digit-innervating motor neurons, potentially a reflection of the specialized status of digit control in the emergence of skilled limb motor behaviors.
RESULTS

Genetic Profiling of Motor Pools Targeting Distal Limb Muscles
To probe molecular distinctions in the specification of motor neurons innervating digit muscles, we performed a screen for genetic markers that distinguish digit-innervating motor neurons from other motor pools. We focused on hindlimb motor pools, comparing motor neurons innervating the intrinsic digit muscles in the foot (IF) with three ankle synergist dorsiflexor muscles, the tibialis anterior (TA), extensor digitorum longus (EDL), and peroneus longus (PL), and one antagonist ankle extensor muscle, the gastrocnemius (GS). We assessed gene expression by performing RNA sequencing (RNA-seq). Profiling on cholera toxin B subunit (CTB) labeled motor neurons isolated by laser capture from spinal cord sections of postnatal day 6 (P6) wild-type mice, the earliest age at which selective motor pool labeling could reliably be performed (Figure 1A) . Among many genes, comparative pairwise sampling between the five motor pools revealed two general categories of genes, those expressed selectively in intrinsic foot motor neurons and those excluded from them.
Although few genes were identified that were expressed selectively in any of the proximal motor pools that were profiled, we identified ten genes that were robustly expressed in intrinsic foot motor neurons, but not other motor pools, with an average difference in gene expression of >25-fold (Figures 1B and S1A) . We examined the expression of these genes using in situ hybridization between embryonic day 13.5 (E13.5) and P6 in serial spinal cord sections hybridized with a probe against ChAT to reveal the position of motor neurons. Digit muscles are divisible into two groups. Extrinsic digit muscles are located in the forearm or lower leg, control the digits through tendinous attachments, and may also control the wrist or ankle joints. In contrast, intrinsic digit muscles are located within the hand or foot and control solely the digits. We identified intrinsic hand and foot motor neurons based on their dorsal positions at spinal levels C8-T1 and L5, respectively, as determined by retrograde tracing (Figure 2 ; see also Bá cskai et al., 2013; McHanwell and Biscoe, 1981; Vanderhorst and Holstege, 1997) .
The ten foot-enriched genes were divisible into four expression classes based on specificity and temporal onset of expression in motor neurons ( Figure S1B ). One class, represented by Osmr and Col8a1, began expression postnatally, selectively at the position of intrinsic foot motor neurons. A second class, represented by Ecrg4, Reg3b, and Serpinf1, also began expression postnatally, but at the position of both intrinsic hand and foot motor neurons. A third class, represented by S100a11 and Crabp2, was expressed by all LMC motor neurons at embryonic stages but became restricted to the position of intrinsic hand and foot motor neurons from P0 onward. A fourth class, represented by Cpne4, Fign, and Pirt, was selectively expressed from E13.5 onward at the position of intrinsic hand and foot innervating motor neurons ( Figures 1C, 1D , and S1B). There was little variation in the number of hand or foot motor neurons labeled by the genes identified from this screen, and each gene appeared to be expressed uniformly throughout the intrinsic hand or foot motor pools.
We used immunohistochemistry to examine the selectivity of expression of Cpne4 and Fign, two of the embryonically expressed genes specific to the intrinsic hand and foot motor neurons. Cpne4, a member of the Copine calcium-dependent phospholipid binding protein family, and Fign, a nuclear ATPase, are both associated with diverse intracellular activities, but their role in neurons is unclear. Antibodies selective for mouse Cpne4 and Fign were generated, showed similar patterns of expression to the corresponding in situ hybridization pattern, and were used to examine their motor neuron specificity, in conjunction with retrograde Rh-Dex and CTB tracing in E14.5 and P6 mice (Figures 1C , 2, S1B, S2A, and S2B). As a molecular comparison, we also examined the expression of Scip (Pou3F1), a transcription factor that labels motor neurons that innervate intrinsic muscles in the hand and foot, as well as extrinsic muscles of digit control in the forearm K. Kanning, personal communication) . After injection of Rh-Dex into intrinsic hand or foot muscles, we found that all retrogradely labeled motor neurons expressed Scip, Cpne4, and Fign, indicating that these markers label the entire cohort of intrinsic digit-innervating motor neurons (Figure 2 ). At brachial levels, a more ventral population of Scip + motor neurons could be labeled by injections into forearm digit-flexor, but not forearm digit-extensor muscles (Figures 2A and S2B) . By contrast, Rh-Dex injections into forearm muscles failed to label Cpne4 + or Fign + motor neurons ( Figure S2B ).
Thus, Cpne4 and Fign expression are selective to intrinsic hand and foot motor neurons, whereas Scip is more broadly expressed-in both extrinsic and intrinsic digit motor pools. The same RNA-seq screen also revealed that the gene Aldh1a2, which encodes the retinoid synthetic enzyme retinaldehyde dehydrogenase-2 (Raldh2), was excluded from intrinsic foot motor neurons but was expressed by other hindlimb pools ( Figure 1B) . In situ hybridization and retrograde labeling, reported below, showed that Aldh1a2 was excluded from motor neurons at caudal brachial and lumbar levels, the locations at which intrinsic hand and intrinsic foot motor neurons are located, but was expressed by essentially all other LMC motor neurons ( Figures 1C and 1D ). Taken together, this molecular screen has identified numerous genes expressed in, and one excluded from, digit-innervating motor neurons.
Digit-Innervating Motor Neurons Lack Raldh2 Expression
Given the relative scarcity of selective markers for motor pools that innervate proximal muscles, the identification of many genes that distinguish digit-innervating motor neurons argues for a fundamental distinction in their specification. Since Aldh1a2 is not expressed by digit-innervating motor neurons, it is possible that the evasion of retinoid signaling is involved in establishing this fundamental motor neuron distinction. We first evaluated the absence of Raldh2 protein expression in intrinsic digit-innervating motor neurons using retrograde tracing. After Rh-Dex and CTB-555 injection into intrinsic hand and intrinsic foot muscles at E14.5 or P0, respectively, none of the retrogradely labeled motor neurons expressed Raldh2 (Figures 3A and S3A ). In addition, we found that intrinsic hand and foot motor neurons, as defined by Cpne4 expression, did not express Raldh2 at E11.5, prior to the axonal innervation of distal limb muscles ( Figure 3B ). In contrast, Raldh2 was detected in all other Foxp1 + LMC motor neurons at rostral brachial and lumbar levels ( Figures 3C and 3D (Petrinovic et al., 2010; Shu et al., 2009) . (H) Right hindlimb ablation at stage 18 disrupts expression of pSMAD in right intrinsic foot motor neurons at stage 28. Scale bars represent 50 mm in (A)-(F), 25 mm in (G), 50 mm in the large panel of (H), and 25 mm in the small panel of (H). For related data, see also Figure S3 .
and Foxp1 at levels comparable to that of other LMC motor neurons (Figures S3B and S3E) . We also sought to determine whether motor neurons that innervate extrinsic digit muscles fail to express Raldh2. To resolve this issue, we examined the pattern of Raldh2 expression in Scip + motor neurons at forelimb levels, which includes forearm digit-flexor and intrinsic digit-innervating motor neurons. All Scip + motor neurons at E12.5 failed to express Raldh2 (Figure S3D ). This result demonstrates that all intrinsic and certain extrinsic digit-innervating motor neurons can be distinguished from other LMC motor neurons throughout embryonic development by the absence of Raldh2 expression.
The expression of ETS and other pool-specific transcriptional programs depends on extrinsic signals from the limb mesenchyme (Dasen and Jessell, 2009) . To assess the role of limbderived cues in digit-motor neuron patterning, we performed unilateral hindlimb ablations in chick embryos. We used Scip and Fign to mark digit-innervating motor neurons in chick, since chick Cpne4 does not display the pool specificity evident in mouse (Figures S3J and S3K) . We performed unilateral hindlimb ablation in chick embryos at stage 18, prior to the onset of hindlimb axon innervation. Embryos were permitted to develop until stage 28, prior to the peak period of motor neuron cell death (Calderó et al., 1998; Tosney and Landmesser, 1985) . Hindlimb ablation did not eliminate Raldh2 expression at spinal level L3, nor was Raldh2 expression induced ectopically at caudal lumbar levels ( Figure S3L ). Moreover, hindlimb ablation did not disrupt the generation of Scip + and Fign + intrinsic foot motor neurons ( Figure 3H ). Thus, the generation of digit-innervating motor neurons and their failure to express Raldh2 occurs independently of limb-derived cues.
Intrinsic Digit-Innervating Motor Neurons Engage in pSMAD Signaling
We also sought to address the potential contribution of other signaling pathways to digit-motor neuron specification. BMPs regulate limb and spinal patterning, through phosphorylation of SMAD1, SMAD5 and SMAD8, and BMP2, BMP4 and BMP7 are expressed in the apical ectodermal ridge of the developing autopod (Liu and Niswander, 2005; Robert, 2007) . We therefore considered the possibility that the BMP-pSMAD pathway contributes to the development of digit-innervating motor neurons.
To assess whether digit-innervating motor neurons engage in pSMAD signaling, we injected Dex-biotin into intrinsic hand or intrinsic foot muscles at E14.5 and observed that nearly all labeled digit-innervating motor neurons expressed pSMAD (Figure 3F) . Intrinsic hand and foot motor neurons first expressed pSMAD at E12.5 and E13.5, respectively, with the number of pSMAD-labeled motor neurons increasing from E12.5-E14.5 ( Figures 3G and S3I ). In contrast, Scip + forearm digit-flexor motor neurons did not express pSMAD, indicating that pSMAD is expressed selectively by intrinsic digit-innervating motor neurons ( Figure S3I ). The timing of pSMAD expression is consistent with the timing of limb axon innervation, suggesting selective induction in intrinsic digit-innervating motor neurons upon the arrival of their axons in the developing autopod. Intrinsic digit-innervating motor neurons also express pSMAD in chick ( Figure S3K ). To determine whether the induction of pSMAD in intrinsic digit-innervating motor neurons depends on signals from the limb mesenchyme, we examined chick embryos in which the right hindlimb had been ablated. We found that hindlimb ablation disrupted the expression of pSMAD in Scip + and Fign + intrinsic foot motor neurons ( Figure 3H ). Taken together, these findings argue that pSMAD signaling is induced in intrinsic digit motor neurons by limb-derived cues, occurs after the initial specification of these motor neurons, but is not involved in the exclusion of Aldh1a2.
Retinoid Signaling Disrupts Digit-Innervating Motor Neurons
We next sought to address whether retinoid signaling influences the generation of digit-innervating motor neurons. If the specification of digit-innervating motor neurons requires the absence of retinoid signaling, constitutive retinoid induction might be expected to disrupt their development. We activated retinoic acid receptor signaling in digit-innervating and other motor neurons by chick neural tube electroporation of a constitutively active retinoic acid receptor, VP16RAR-GFP, in which the retinoic acid receptor RARa is fused to the transcriptional activator VP16 (Novitch et al., 2003; Sockanathan et al., 2003) . This constitutively activated RAR receptor mediates transcription at retinoic acid response elements (RAREs) ( Figure S4A ), through heterodimer formation with RXR receptors, which are widely expressed in the spinal cord (data not shown). Electroporations were performed using a pCAGGS driver at brachial levels at stages 14-16, prior to the acquisition of motor neuron divisional or pool identity. Although chickens have undergone evolutionary digit loss at forelimb levels, with wings containing three rather than five digits, wing digit muscles are still innervated by motor neurons (Hollyday and Jacobson, 1990; Straznicky and Tay, 1983) . We first examined whether expression of a constitutively active retinoid receptor perturbs the development of LMC neurons. Electroporation of VP16RAR-GFP or a control GFP construct did not change the number of Foxp1 + motor neurons at spinal level C6-C7 ( Figures 4B and 4C ), an indication that constitutive retinoid induction does not have a general impact on motor neuron number. In contrast, electroporation of a dominant negative retinoic acid receptor, RAR403, was lethal to developing motor neuron progenitors (data not shown). In addition, motor neurons electroporated with VP16RAR-GFP or a control GFP construct maintained consistent levels of Foxp1 expression, indicating that retinoid induction does not disrupt induction of Foxp1 expression ( Figure S4J ). In contrast, electroporation of VP16RAR-GFP selectively reduced the average number of Foxp1 + motor neurons at C8-T1 by 30%, despite a similar fraction of Foxp1 + motor neurons expressing either VP16RAR-GFP or control GFP construct (Figures 4D and 4E; p < 0.001, Figure S4I) . The moderate loss of Foxp1 + neurons is consistent with the observation that only $50% of motor neurons at C8-T1 innervate digit muscles ( Figures 4E, 4G , and S4H). These findings reveal that retinoid induction maintains Foxp1 expression but results in a selective loss of Foxp1 + motor neurons at segmental levels at which digit-innervating motor neurons are located. Retinoic acid plays an early role in directing divisional identity within the LMC (Ji et al., 2006; Sockanathan et al., 2003) , prompting us to examine the effect of retinoid induction on medial-lateral divisional specification within the LMC. We used the medial LMC marker Isl1, since the lateral LMC marker Lim1 is not expressed at late embryonic stages. We found that electroporation of VP16RAR-GFP at brachial levels reduced the average number of Isl1 + motor neurons by 22% (Figures S4C   and S4D ; p < 0.001). Similarly, VP16RAR-GFP electroporation reduced the average number of medial Pea3 + motor neurons by 28% (Figures S4E and S4F ; p < 0.001). The maintenance of the overall number of Foxp1 + motor neurons at C6-C7 argues that retinoid induction induces only a modest medial-to-lateral shift in LMC divisional specification. We next examined the effect of retinoid induction on the expression of digit-innervating motor neuron markers at brachial levels. We found that electroporation of VP16RAR-GFP at brachial levels reduced the average number of Scip + and Fign + motor neurons by 64% and 69%, respectively ( Figures 4F, 4G , S4G, and S4H; p < 0.001). Given the proportion of motor neurons that innervate digits at C8-T1, the observed reduction of digitmotor neuron marker expression is consistent with the observed 30% reduction in Foxp1 + neurons at these segmental levels.
Thus, it is unlikely that the digit-innervating motor neurons were redirected to other LMC pool identities. Moreover, of the Scip + and Fign + motor neurons that remained after electroporation, the percentage expressing VP16RAR-GFP was reduced by 36% and 39%, respectively, as compared to those expressing GFP control ( Figures S4I and S4K ). Taken together with the reduction of Foxp1 + at caudal brachial levels, these results provide evidence, indicated by selective marker expression, that retinoid induction results in a selective loss of motor neurons fated to innervate digits.
Hoxc8 and Hoxc9 Are Needed for Specification of Brachial Digit-Innervating Motor Neurons LMC neurons acquire distinct pool subtype identities through the actions of Hox transcription factors, which also regulate the expression of Raldh2 . We examined the role of Hox genes in the specification of digit-innervating motor neurons, focusing on their role at forelimb levels, where the contributions of individual Hox genes is well defined ( Figure 5A ; Dasen et al., 2005) . We focused on the expression of Hoxc8 and All data reported as mean ± SEM. Scale bar represents 50 mm. For related data, see also Figure S4 .
Hoxc9, which are found at caudal brachial and thoracic levels and known to regulate motor neuron differentiation Jung et al., 2010) . Analysis of the rostro-caudal expression domains of Hoxc8 and Hoxc9 using selective antibodies revealed that Hoxc8 is expressed in caudal brachial and rostral thoracic segments, whereas Hoxc9 is expressed in the extreme caudal LMC and in all thoracic segments ( Figures 5B and 5C ). Pea3 + and Scip + motor neurons thus express high levels of Hoxc8 at spinal level C8 ( Figure 5C ). In contrast, dorsally positioned Scip + motor neurons express Hoxc9 at spinal level C8, whereas more ventrally positioned Pea3 + motor neurons lack Hoxc9 expression (Figure 5C ). The level of Hoxc9 in Scip + motor neurons does not vary from C8 to T1, but is nevertheless approximately three times lower than the level of Hoxc9 found in PGC motor neurons at thoracic levels ( Figures 5D and S5B) . Thus, digit-innervating motor neurons at forelimb levels express high levels of Hoxc8 and low levels of Hoxc9. We used Hox mutants to determine whether Hoxc8 and Hoxc9 expression at brachial levels is required for the specification of digit-innervating motor neurons. In conditional Hoxc8MND mutants, in which Hoxc8 is deleted selectively in motor neurons using the driver Olig2::Cre, we found that expression of Pea3, Scip, Cpne4, or Fign was no longer detected in motor neurons at brachial levels, suggesting that Hoxc8 is required for caudal LMC specification ( Figures 6A, 6C-6F , and S6A-S6C). Previous work has indicated that loss of Hoxc9 leads to a selective reduction in Scip + motor neurons at caudal brachial levels and a loss of motor innervation of intrinsic hand muscles . We found that expression of Cpne4 + and Fign + was completely absent at these segmental levels in Hoxc9 mutants, whereas Pea3 + motor neurons are maintained at brachial levels ( Figures  6I-6L , S6F, and S6G). A small number Scip + motor neurons remain at C8-T1 in Hoxc9 mutants, presumably those that normally project to forearm flexor muscles ( Figures S6D and S6E ). These results suggest that both Hoxc8 and Hoxc9 contribute to the specification of digit-innervating motor neurons. We next examined the pattern of motor neuron generation at thoracic levels in Hoxc9 mutants. We observed that Foxp1 + motor neurons extend into thoracic segments, a consequence of ectopic expression of forelimb level Hox activity in Hoxc9 mutant embryos Figures 6G and 6H Figures S6D-S6G ). Previous work indicates that the axons of these neurons project to intercostal muscles , the normal target of thoracic hypaxial motor column (HMC) neurons. sum test) (all panels, n = 3 animals, 25-50 motor neurons). Scale bar in (C) represents 50 mm. For related data, see also Figure S5 . (N) Summary of pool-specific reorganization in Hoxc9 mutants shown in cross section. Pools are labeled in black according to axonal projection based on connectivity changes reported in . In Hoxc9 mutants, Pea3 + motor neurons are maintained at brachial levels and continue to project to cutaneous maximus (CM). Projections to the intrinsic hand (IH) muscles are lost. Remaining Scip + motor neurons at caudal brachial levels may continue to project to forearm flexor (FF) muscles. Ectopically produced motor neurons at thoracic levels project to intercostal muscles (IC). All data reported as mean ± SEM. Scale bars represent 50 mm. For related data, see also To determine whether joint Hoxc8 and Hoxc9 expression is sufficient for the specification of forelimb digit-innervating motor neurons, we performed co-electroporation of Hoxc8 and Hoxc9. With joint co-electroporation, 76% of the electroporated motor neurons expressed both genes, with 14% expressing Hoxc8 alone and 10% expressing Hoxc9 alone ( Figure S7D ). Co-electroporation of Hoxc8 and Hoxc9 at rostral brachial levels induced an average of three ectopic Pea3 + motor neurons per hemisection, compared to an average of 30 Pea3 + neurons present at C8 ( Figures   7B and S4F ). These ectopic Pea3 + motor neurons are presumably due to an influence of Hoxc8 expression in the absence of Hoxc9, as co-electroporation of Hoxc8 and Hoxc9 at caudal brachial levels, where Hoxc8 is broadly expressed, reduced Pea3 expression ( Figure S7C) 4G , and S4H). These ectopic neurons express Foxp1 at high levels, indicating that they are LMC motor neurons ( Figure S7E ). Thus, co-expression of Hoxc8 and Hoxc9 is able to induce digitinnervating motor neurons at forelimb levels.
DISCUSSION
The emergence of digits represents a specialized adaptation of limb morphology for use in fine motor control. The formation of limbed appendages necessitated the recruitment of novel genetic mechanisms for specifying limb-innervating motor neurons, suggesting a parallel allocation of molecular programs that specify digit-innervating motor neurons. Our results indicate that digit-innervating motor neurons can be distinguished from other LMC motor neurons through the expression of specific genetic markers and by their reliance on a distinct Hox gene specification code that ensures that digit-innervating motor neurons fail to synthesize retinoic acid. This divergent program of novel Hox coding and retinoid evasion is sufficient to induce the specification of digit-innervating motor neurons in vivo. Taken together, our findings suggest that the late evolutionary emergence of specialized genetic programs for digit elaboration in the limb is matched by a parallel adaptation in motor neurons that innervate digit muscles.
A Hox and Retinoid Model of Digit Motor Neuron Specification
Our Hox and retinoid manipulation studies suggest a model for the specification of digit-innervating motor neurons that implicates Hox genes in regulating the expression of Raldh2 (Figure 8 ).
The status of motor neuron Raldh2 expression is known to depend on ongoing Hox activity . Foxp1 contributes to the activation of Raldh2 but is not sufficient to act as a Hox intermediary that directly induces Raldh2 expression . Thus, the absence of retinoic signaling in Foxp1 expressing digit-innervating motor neurons is likely related to their Hox status. The caudal position of digit-innervating motor neurons within the LMC allows for overlapping expression of Hoxc8 and Hoxc9 at brachial levels of the spinal cord, which in turn is necessary and sufficient for the specification of forelimb level digit-innervating motor neurons. This variant Hoxc8/Hoxc9 profile is likely responsible for the failure of digit-innervating motor neurons to synthesize retinoic acid.
The most salient feature of the Hox specification of digit-innervating motor neurons at brachial levels is their expression of low levels of Hoxc9, a feature that distinguishes them from motor pools that innervate more proximal muscles. High levels of Hoxc9 block expression of brachial Hox genes and of Foxp1, which both contribute to the loss of Raldh2 expression (Dasen et al., 2003 Jung et al., 2010) . We surmise that low levels of Hoxc9 expression block expression of Raldh2 in digit-innervating motor neurons while permitting expression of Foxp1. The finding that Hoxc9 is involved in conferring the identity of digit-innervating motor neurons provides a plausible explanation for the absence of Raldh2 in these neurons. It is likely that a similar logic applies for different Hox genes at lumbar levels of the spinal cord. Nevertheless, the reciprocal relationship between retinoid signaling and Hox activity requires more detailed interrogation. It is possible that just as early retinoid signaling establishes the boundaries of Hox expression that mediate columnar identity, later retinoid signaling may dynamically regulate the expression of more refined Hox programs to mediate divisional and pool subtype specification. However, it remains unclear how ongoing retinoid signaling might be expected to shape Hox expression in developing motor neurons, as previous genetic experiments that reduced retinoid signaling yielded conflicting results regarding whether Hoxc8 expression was increased or decreased (Ji et al., 2006; Vermot et al., 2005) .
As with other brachial and lumbar LMC neurons, intrinsic hand and foot motor neurons are generated at different levels of the spinal cord and engage distinct Hox programs. Yet both digitinnervating motor neuron sets express many of the same genetic markers. Our findings argue that the absence of retinoid signaling serves as a common element in the specification of intrinsic hand and foot motor neurons, permitting expression of conserved downstream genes in each pool. Retinoic acid plays an early role in blocking PGC and HMC columnar specification and inducing lateral character within the LMC (Ji et al., 2006; Novitch et al., 2003; Sockanathan et al., 2003; Vermot et al., 2005) . Our results implicate an additional role for retinoids in motor pool specification, suppressing the acquisition of digit-innervating pool identities, as determined by selective marker expression. Although it is unclear whether the observed loss of digit A B Figure 8 . A Model of Digit-Innervating Motor Neuron Specification (A) Digit-innervating motor neurons can be distinguished from motor pools that innervate more proximal muscles in the forearm by their low levels of Hoxc9 expression. (B) The specification of digit-innervating motor neurons at brachial levels requires both Hoxc8 and Hoxc9, in likely combination with FGF and Shh signaling. At high levels, Hoxc9 blocks expression of Foxp1 and Raldh2. Low levels of Hoxc9 in digitinnervating motor neurons may thus be sufficient to block expression of Raldh2 while maintaining Foxp1. The absence of retinoid production in digitinnervating motor neurons consequently contributes to their proliferation and maintenance. motor neuron marker expression following retinoid induction implies the absence of axonal digit-innervation in the limb, previous work together with our findings indicate that in Hox mutants, the absence of selective marker expression is accompanied by the absence of corresponding peripheral innervation .
It remains unclear mechanistically how differential retinoid signaling regulates the acquisition of motor neuron subtype identity. Preliminary work suggests that retinoids are likely to suppress the initial specification of these neurons, rather than promote a process of programmed cell death after their generation ( Figure S4L ). Nevertheless, future efforts will be required to determine the downstream targets of retinoid signaling that coordinate the expression of selective digit motor neuron markers and to characterize the functional role of the gene markers expressed in digit-innervating motor neurons.
Taken together, our findings suggest a model in which the specification of digit-innervating motor neuron identity emerges through a cell-intrinsic network of Hox expression and evasion of retinoid signaling. Nevertheless, limb-derived cues also play a role in later aspects of motor neuron differentiation, and the expression of certain motor pool-specific transcription factors depends on GDNF and other signals from limb mesenchyme (Haase et al., 2002; Lin et al., 1998) . It is possible that pSMAD signaling may regulate later aspects of intrinsic digit-motor neuron development, coordinating the expression of late-onset genes involved in motor neuron survival, maintenance, or differentiation.
Linking the Spinal Motor System to Limb Evolution
Is there a broader significance of these studies on digit-innervating motor neurons? The cellular and molecular properties of neurons with long-distance axonal projections are typically organized in alignment with the position and identity of their target cells. Such matching occurs despite the fact that the differentiation of neurons and their distant targets occurs in spatially and developmentally distinct regions of the nervous system. These features raise the issue of how the coordinate programming of neurons and their distant targets has been achieved during evolution. Our findings highlight that one strategy for linking the development of the spinal motor system and limb is the use of shared patterning mechanisms. We identify variant Hox coding and retinoid evasion as a feature common to both the distal limb bud and the motor neurons that innervate distal digit muscles. Moreover, the observation that precise levels of retinoids are required for digit muscle and tendon development (Rodriguez-Guzman et al., 2007) raises the possibility that the absence of Raldh2 in digit-innervating motor neurons may be required for proper autopod development.
Several recent studies have addressed the degree to which the evolutionary emergence of limb elements involved the adaptation of preexisting genetic programs from the fins of bony fish (Nakamura et al., 2016; Woltering et al., 2014) . In vertebrates, appendage-innervating motor neurons are thought to have emerged in fish as populations of motor neurons that innervate the pectoral and pelvic fins (Murakami and Tanaka, 2011) . However, it is still unclear to what extent the molecular programs involved in specifying limb-innervating motor neurons were adapted from programs already present in fish, as motor neurons in zebrafish share only the most basic molecular features with mammalian LMC motor neurons (Murata et al., 2010; Uemura et al., 2005) . It is likely that Hox-dependent limb innervation programs first emerged in transitional organisms in which bony fins first began to develop limb-like structure. However, clarifying when and how mechanisms that specify digit-innervating motor neurons first emerged is challenging, given that digit-like structures first appeared in now extinct tetrapodomorphs (Johanson et al., 2007; Schneider and Shubin, 2013; Woltering and Duboule, 2010) . It is possible that Raldh2 + LMC motor neurons emerged first, with additional Hox programs recruited later to extinguish Raldh2 expression in motor neurons fated to innervate the digits.
Regardless of precise evolutionary order, it seems that rearrangements in Hox activity were responsible for the emergence of limb-and digit-innervating motor neurons, since species-specific patterns of Hox expression control motor neuron columnar organization in a manner that accommodates different vertebrate body plans (Jung and Dasen, 2015; Jung et al., 2014) . Moreover, analysis of Hox activity from different vertebrate species suggests that N terminus motifs within the Hoxc9 gene responsible for promoting thoracic identity and repressing LMC specification emerged at the time that vertebrates acquired paired appendages (Jung et al., 2014) . This conclusion suggests that the expression of a small number of essential regulatory genes can reorganize the structure of preexisting motor circuits to adapt to evolutionary modifications in limb morphology and motor behavior. Our results argue that the specification of digit-motor neurons involved the adaptation of preexisting Hox programs in such a way as to mediate all-or-none distinctions in retinoid signaling, leading to more dramatic downstream differences in gene expression.
Motor Neurons for Digit Control
The finding that digit motor neurons express distinct genetic programs has several implications for the coordination of digits. The use of distinct Hox codes and the absence of retinoic acid production implies the expression of different surface molecules involved in target recognition, as both Hox and retinoid programs are known to contribute to directing motor neurons to the appropriate muscle target Sockanathan et al., 2003) . The particular mechanisms by which digit-innervating motor neurons project to distal muscles have yet to be defined. Previous work has identified programs involved in mediating the choice to innervate the ventral versus dorsal limb, but not proximal versus distal, mesenchyme (Kania and Jessell, 2003) . The position at which motor neurons are generated also contributes to their axonal trajectories, as preliminary work suggests the coexpression of Hoxc8 and Hoxc9 may not be strictly deterministic of distal innervation patterns ( Figure S7E ).
The observation that digit motor neurons fail to express Raldh2 complicates our understanding of LMC divisional identity. Traditionally, LMC motor neurons have been defined by the joint expression of Foxp1 and Raldh2, and LMC divisional identity has been defined by the differential expression of Isl1 and Lim1. Digit motor neurons thus represent a distinct category within the LMC in that they express Foxp1 and Isl1, but not Raldh2. Thus, it is unclear whether digit-innervating motor neurons represent a separate division within the LMC.
Our studies have also identified genes expressed in all intrinsic digit motor neurons, posing the question of whether smaller subdivisions within the intrinsic hand and foot motor cohort can be distinguished genetically. Intrinsic hand and foot pools may consist of many smaller pools corresponding to each individual muscle within the autopod. However, it is unclear whether the motor neurons that innervate distinct intrinsic muscles are topographically segregated, as with motor pools that innervate more proximal muscles (Jenny and Inukai, 1983) . Moreover, whereas proximal limb motor neurons that innervate the dorsal or ventral limb differentially express the LMC divisional markers Isl1 and Lim1, intrinsic digit-innervating motor neurons all express Isl1.
The divergent patterns of gene expression in digit-innervating motor neurons also have implications for the coordinate control of digit motor neurons by premotor interneurons. Intrinsic foot motor neurons, unlike more proximal hindlimb motor pools, lack recurrent inhibition from Renshaw interneurons, raising the possibility that they are innervated by a distinct subset of premotor interneurons (Bikoff et al., 2016) . If locally produced retinoids are involved in interneuron specification, the finding that digitinnervating motor neurons do not make retinoids could have broader consequences for the establishment of spinal circuitry for fine motor control.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: cord at a perpendicular cutting surface. The MembraneSlides were then placed in a slide box and frozen at À80 for laser capture microdissection. Laser capture microdissection was performed on the PALM Microbeam System (Zeiss). A solution of 300 ml lysis buffer with 2.1 ml BME was prepared for cell lysis. Cells from a set of slides corresponding to a single animal were preserved in 40 ml of the lysis buffer/BME mixture. The surface area captured in um 2 was recorded for each set of slides. Each biological replicate required approximately 1 ng of RNA, corresponding to approximately 170000 um 2 of laser captured surface area. For RNA purification, samples from individual animals were pooled to provide at least 250000 um 2 of laser captured surface area per biological replicate. Depending on the size of the motor pool, each biological replicate thus contained 30-40 cells from 2-5 animals. RNA was purified with the Absolutely RNA Nanoprep Kit (Agilent). cDNA was subsequently amplified with the Ovation RNA-Seq System V2 (NuGEN). cDNA libraries were constructed using the Nextera DNA Sample Prep Kit (Illumina) and sequenced on an Illumina HiSeq 2000 to a depth of 25-30 million single-end reads per sample.
In situ hybridization
In situ hybridization was performed on 16 mm cryostat sections as previously described using digoxigenin (DIG)-labeled cRNA probes . Embryonic tissue from e11.5-e13.5 animals was fixed overnight in 4% PFA/0.1M PB at 4
, washed several times with PBS and cryoprotected overnight in 30% sucrose in 0.1M PB, prior to embedding in OCT and freezing at À80
. Tissue from animals aged e16.5 and older was embedded directly in OCT without fixation. The protocol used in this study for generating and hybridizing in situ probes is available at http://sklad.cumc.columbia.edu/jessell//pdf/DIG_Labelled_In_Situ.pdf.
Anti-sense probes were generated by polymerase chain reaction (PCR) from mouse spinal cord and whole embryo cDNA libraries. cDNA libraries were synthesized using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen) from RNA purified using the Absolutely RNA Miniprep Kit (Agilent). Primer design was performed with the assistance of the web based Primer3 program (http://bioinfo.ut.ee/primer3-0.4.0/) with an optimal probe length of 500-600 base pairs. Amplification of the probe was performed with specific primers (Operon), after which PCR products were purified on a gel, subcloned into Topo-TA (Life Sciences) and sequenced. DNA templates were amplified by PCR from the resulting plasmids and used to synthesize digoxegenin (DIG) or fluorescein labeled probes using the appropriate RNA labeling kit (Roche). The primer sequences used for generating probes are listed in Table S1 . P0-p4 mice were anaesthetized on ice and a small incision was performed on the skin to expose the muscle of interest. Dye was loaded into pulled glass microelectrodes by suction and injected into the muscle through application of positive pressure. Dextran injections were performed at multiple sites, whereas CTB injections were performed at a single site. For motor neuron visualization, animals were sacrificed 1-2 days following dye injection.
E14.5 embryos were eviscerated and dissected in ice-cold aCSF (127 mM NaCl, 3 mM KC1, 1.25 mM NaH2P04, 26 mM NaHC03, 10 mM D-glucose, 1 mM MgCl 2 and 2 mM CaCl 2 ). The embryos were pinned and the dorsal epidermis was removed. A pulled glass capillary was used to inject 10% Tetramethylrhodamine Dextran or Dextran Biotin into individual muscles. After injection, embryos were incubated in continuously oxygenated circulating aCSF (95/5% CO 2 /O 2 ) for 4-5 hr at 27 .
Chick limb ablation
Unilateral chick hindlimb ablations were performed as described (Calderó et al., 1998) . After covering the shell with packing tape, a window was cut in the shell and the right limb bud was removed using Vannas spring scissors (FST). The window was then resealed with packing tape. Limb bud ablations were performed between stages 18 and 20, and embryos were permitted to develop to stage 28. Only embryos missing the entire leg and pelvic girdle were used for subsequent analysis.
RARE reporter assay HEK293 cells were seeded at 1 3 10 5 cells per well and were transfected 24 hr later with a combination of Cignal RARE Reporter luciferase kit (QIAGEN) and control or pCHA-VP16RAR constructs using Opti-MEM (Thermo Fisher Scientific) according to the manufacturer's instructions. 3 wells were used for each experimental condition. Cells were incubated for 24 hr, after which they were solubilized and assayed for firefly and Renilla luciferase activities using the Dual-Glo Luciferase Assay System (Promega) according to the manufacturer's instructions. Firefly luciferase activity was normalized to the transfection efficiency using Renilla luciferase activity.
In ovo electroporation
In ovo electroporation was performed at brachial levels of stage 14-16 embryos as described and analyzed at stage 28 . After egg windowing, embryos were visualized by injecting an india ink solution below the vitelline membrane using a pulled glass micropipette, and a DNA solution containing 1% Fast Green was subsequently injected into the neural tube. Embryos were pulsed 3 times at 30 v with an interval of 1 s between pulses. For misexpression of Hox genes, plasmids were titrated at 100-500 ng/ml pCAGGS vector to maximize electroporation efficiency and generate levels of ectopic protein expression qualitatively similar to endogenous levels using pBluescript-SK as carrier DNA to a total level of 2 ug/ml. Hox misexpression results are representative of > 5 experiments in which the electroporation efficiency in MNs was > 50%. For expression of the constitutively active retinoic acid receptor, pCIG-VP16RAR was titrated at 1 ug/ml using pBSK as carrier DNA. VP16RAR misexpression results are representative of > 15 experiments in which the electroporation efficiency in MNs was > 50%.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis
All statistical details of experiments are described in the figure legends. Statistical tests were performed using Sigmaplot.
RNA-seq analysis
Analysis was carried out using ExpressionPlot software (Friedman and Maniatis, 2011) . Briefly, reads were aligned to the mouse mm9 genome assembly and annotated using the Ensembl v62 database. Differential expression analysis was performed using DESeq (Anders and Huber, 2010) .
Quantification of protein levels
Average fluorescent intensity was determined on cryostat sections at sub-saturating antibody concentrations. Images were obtained by confocal microscopy using identical laser and gain configurations. Nuclear pixel intensity was determined using Photoshop. Mean pixel intensities for > 50 MN nuclei are shown.
DATA AND SOFTWARE AVAILABILITY
Motor pool sequencing data and analyses were deposited into the GEO repository under accession number GEO: GSE91402.
